Children with Specific Language Impairment (SLI) show difficulties with grammatical morphology. Based on the data from 12 Dutch children with SLI, an information-theoretical model is proposed in which the noun-article set dependency is modeled as a channel. We propose that reduced capacity of this channel is responsible for article omission. The Kullback-Leibler divergence between input and output distribution of article production provides an index of the channel capacity, which is shown to correlate with the percentage of article omission and to lag behind in SLI development as compared to typically developing children.
Introduction
Specific Language Impairment (SLI) is a heterogeneous disorder that impairs language acquisition in children with no obvious cognitive, emotional or social difficulties. Diagnosis of SLI is primarily based on a discrepancy criterion, first suggested by Stark and Tallal [1] . The ICD-10 [2] criteria for example specify that language skills be at least one SD below non-verbal IQ. The incidence of SLI in kindergarten has been estimated to be around 7% [3] and in specialised class units, up to 13% [4] .
OPEN ACCESS
Although children with SLI show difficulties in all aspects of language, grammatical morphology has often been described as particularly weak in these children (e.g., [5, 6] ). One of the hallmarks of SLI is the omission or substitution of free and bound grammatical morphemes. Tense marking has been shown to be particularly difficult and for English low levels of accuracy in the set of tense morphemes (-s third person singular, -ed regular past, BE, and DO) has been suggested as a clinical marker for this disorder [7] .
Many theories have been proposed to explain the difficulties these children experience with morphosyntax. They can broadly be divided into two categories: linguistic theories claiming that some linguistic information in these children is underspecified or impaired (e.g., Implicit Rule Deficit [8] ; Extended Optional Infinitive Account [7] ). And processing theories suggesting that the linguistic knowledge for these children is intact, but that they struggle using it due to reduced processing abilities (e.g., Auditory Processing Deficit [9] ; Generalised Slowing Hypothesis [10] ; Surface Account [11, 12] ).
In the last two decades, a fair number of studies have been dedicated to a specific subset of grammatical morphemes: the production of articles. Although the pattern and performance on production of articles varies across languages, a weakness in this area is evident for all children with SLI, regardless of the language they are acquiring.
Article production in SLI
Looking at the production of functional categories in English children with SLI, Leonard [13] found that they produce fewer grammatical elements than language matched younger peers. With regards to article production, they found that all of their ten 3-5 years old children with SLI did produce articles, but significantly less often than the language matched group. In a cross-linguistic study on French and Italian, Le Normand, Leonard and McGregor [14] found that French preschoolers with SLI show similar rates of omissions of articles as their language matched peers and have significantly fewer difficulties than the group of Italian children with SLI. Language matching was based on mean length of utterance (MLU), a standard matching criterion in language acquisition research. Leonard [15] investigated the use of the definite article system in Italian in fifteen preschool children with SLI and found that the SLI children performed significantly worse than their MLU matched peers. Errors of omission were most common.
Various studies have investigated the production of articles in Spanish. Most of these studies found results similar to those found in other languages: children with SLI perform worse than their age-matched peers and errors of omission are by far the most common [16, 17] . There is one study on Spanish that reports substitution as the most common error. Restrepo and Gutiérrez-Clellen [18] investigating patterns of article production in school aged children (age [5] [6] [7] found that substitutions due to gender difficulties were the most common error produced by their group of SLI children. Overall performance rates, however, were quite high ranging from 77% to 83%.
To provide further insight into the error patterns in article production in Spanish SLI and specifically the role of gender, Anderson and Souto [19] used a set of spontaneous speech samples as well as an elicitation task to study a group of 11 children with SLI (mean age 4 yrs; 10 months). The data consisted of three connected speech samples, as well as an experimental task. The purpose of the experimental task was to elicit a noun phrase consisting of an article as well as an adjective and noun. Importantly, in Spanish each noun has inherent gender (masculine, feminine and neutral) and both the article and the adjective have to conform to this gender. Adding an adjective to the NP in this experimental setup allowed the researchers to further investigate whether article gender errors are due to lack of gender knowledge of the noun. If substitution errors in the article production are due to lack of grammatical knowledge about noun gender, one would expect the children to make similar errors with the adjectives. The task consisted of a modified barrier game in which the child was asked to describe the order of two pictures of similar objects on a picture card. As each object only differed from the other on one characteristic (e.g., colour) the child had to use an adjective to perform the task accurately. The results of the spontaneous speech analyses showed that the group of SLI children performed significantly worse than their age matched peers. In addition error analyses revealed that omission was the most frequent error (87.2%) followed by substitution of gender (9.5%). On the experimental task the age matched group showed higher accuracy levels (94.5%) than the SLI group (64.3%). Furthermore, errors in the SLI group were predominantly due to omission of the article (78.9%), with some gender substitutions (21.1%). The analysis of the adjective production in this task suggests that the article gender errors that the children produce are neither due to inherent difficulties with gender, nor difficulties with agreement in general. In most cases, when the child produced the wrong gender for the article, the adjective did conform to the noun's grammatical gender. In addition each noun was elicited twice and variability was such that one noun was used with the correct article once and an error occurred in the second production. It thus seems that the difficulties that children with SLI experience with the production of articles is not due to lack of grammatical knowledge, but rather that there is a problem with the noun-article connection.
Hansson, Nettelbladt and Leonard [20] investigated the production of definite and indefinite articles in Swedish children with SLI. This study provides further evidence that omission and substitution of articles in children with SLI is not due to lack of grammatical knowledge. In Swedish the indefinite article occurs as a free grammatical morpheme, as in e.g., English, Spanish and Dutch. However, the definite article is marked by a suffix added to the noun. Both indefinite and definite articles furthermore have two phonological forms expressing gender. Definiteness can also be expressed using a free grammatical morpheme, but this only occurs when the noun phrase contains an adjective. In this case, the noun is preceded by a definite article in addition to the suffix. The authors used spontaneous speech as well as an elicitation task to investigate the role of prosody on error patterns in article production. They argue that unstressed syllables occurring in a pre-stress position are more susceptible to omissions and errors than elements immediately following a stressed syllable. Based on this phonological account they therefore hypothesize that indefinite articles will be more problematic to children with SLI than the definite suffix. They tested 13 children with SLI (age range 4; 03 -5; 07), and MLU control group (age range 2; 09 -3; 07) and an age-matched group. The age-matched control group performed significantly better than both the SLI and MLU group, whereas the latter two did not differ. Both children with SLI and MLU children used indefinite articles significantly less than definite articles. However, a probe task similar to that used in Anderson and Souto [19] further showed that the children did not have difficulties with indefiniteness per se. On this task the children had to produce article + adjective + noun phrases. As mentioned, in these constructions both definite and indefiniteness are expressed by the use of a free grammatical morpheme. In this probe task, the children with SLI had difficulties with both types of morphemes. The enhanced performance on definiteness thus only appears when expressed as a suffix. This seems to provide strong evidence for a prosodic explanation of error patterns in article production. However, the results also showed that the SLI group omitted the indefinite neuter article ett more often than the neuter indefinite article en. This cannot be explained by a prosodic account as both are weak monosyllabic morphemes of cv (consonant-vowel) structure.
In summary, children with SLI have difficulties with the production of articles. The extent of the difficulties seems to be dependent on the language that the child is acquiring. The most common error across all languages is error of omission, although most studies also show some substitution errors. It is unlikely that these errors of substitution are due to lack of grammatical knowledge on the child's part. It has been shown that the children do have knowledge of the noun's gender even when they make gender errors in the article and performance is variable both within and across subjects. Theories assuming that SLI is due to a lack of grammatical knowledge struggle explaining these findings. Furthermore, when compared to typically developing children, SLI children show the same profile across article paradigms. Although the SLI groups in these studies performed significantly worse than their age, and sometimes language matched peers, their pattern of performance was very similar. These factors all seem to indicate that children with SLI do not suffer from a lack of grammatical knowledge, but rather that they are acquiring morphology in the same way as TD children but have a more limited capacity using their knowledge. Although a phonological account proposed by Leonard et al. [6] seemed to be able to explain some of the results found in the study on Swedish children, it could not explain all findings. In addition to possible difficulties processing weak phonological information, there thus seems to be another factor contributing to the difficulties of these children to retrieve the (correct) article upon producing the noun.
Retrieving articles
Activation and retrieval of articles depend on the properties of the noun. Discourse information, semantic information (definiteness/indefiniteness), grammatical information on gender and information on the phonological context that the article will have to be produced in, all play a role in the selection of the correct article. The article system in the lexicon will therefore receive input from different systems at varying times during processing. Alario and Caramazza [21] suggest that determiners are represented by means of a language specific frame with slots for each type of information. These slots must be filled with feature information provided by the noun. For Dutch, it has been shown that article selection and retrieval [22] depend on information on number, gender and definiteness. All slots have to be filled before the correct determiner can be selected, but activation of the determiners occurs as information in the different slots becomes available. Only when all slots are filled and information on gender, definiteness and number are simultaneously active, can the determiner be selected.
Based on the studies discussed so far, we will assume that the children with SLI have all the information from the noun that is necessary to activate the correct article. However, we still find numerous omissions of articles. It appears therefore that the activation of the connections to the article system in these children is insufficient for the (correct) article to be consistently selected and produced. In short, children with SLI seem to have reduced capacity to select and retrieve the correct article, even when all the required information for selection is there.
Reduced processing capacity has been a much used term in the SLI literature and also a much debated one. One of the main problems with this explanation of SLI is that it lacks specificity and is difficult to measure. In the current paper, we propose a model based on information theory that provides a possibility to measure the degree of complexity, in order to explain article omission patterns and reduced processing capacity in Dutch children with SLI, which (as we show below) can be modeled as a channel capacity.
Introduction to information theory
Information theory has its roots in two major fields: that of communication engineering and that of statistical theory. In 1949 it was first applied to language and communication theory by Claude Shannon [23] . He investigated the probability of errors occurring when sending messages across a technical channel. The most important discovery he made was that, unlike previously thought, it is not the transmission rate of the information that predicts the number of errors, but the complexity of the encoded information. The complexity measure he created is based on a statistical measure of probability, so that each message has a stated probability of occurrence, or a certain "uncertainty". This uncertainty, or "entropy," is expressed in bits and is calculated as shown in (1):
As the formula shows, the entropy consists of the sum of the informative values of the single elements of the message, in which each of these values is weighed for its share in the total frequency. For each message, a complexity level (H) can thus be calculated. Shannon found that every (technical) channel has a certain capacity. If the amount of entropy of the message that is put into the channel exceeds the channel capacity, the message will get distorted and there will be errors in the output. The channel capacity is thus the amount of entropy a certain channel can cope with in one unit of time [24] . The degree of distortion of the message provides an index of the channel "goodness".
In order to estimate the difference between two probability distributions (and in our case the probability distribution of channel input and output) several measures can be used. Differential entropy defines the mutual information between random variables. Mutual information is a measure of dependence between two variables. It can be calculated by means of the Kullback-Leibler divergence. The mutual information is the KL divergence between the joint probability and the product of the marginal probabilities and is defined as:
As we will show below, the difference between the input and output probability distribution of articles in SLI speech as measured by the Kullback-Leibler distance, gives a clear prediction of the omission rates.
For our purposes, we do not need to go into all of the technical details of information theory. What is important, however, is that the model is content-independent, that is, the nature of the message does not matter for measuring its degree of complexity and for determining the channel capacity. A message (in its technical sense) can be anything from a single letter to the entire War and Peace; it can be electrical signals sent across a wire, or information shared by DNA molecules. Or, relevant for us, it can be feature information "sent" by a selected noun (which is to be produced) to the set of articles. As we will argue below, it is precisely this process of "sending" the (available) feature information to the article that is weakened in SLI (and in younger typically developing children). Or, in terms of information theory, the channel capacity of the noun-article system in the population is lower than in typically developing children of the same age. Lower in such a way that it allows for making measurable predictions about the distribution and production of articles. Importantly, as an anonymous reviewer points out, a reduction in channel capacity by itself is not necessarily problematic, or, in fact is problematic only if the information is transmitted at maximum rate. Neither the reviewer, nor us think that this is a priori the case. What we do want to suggest is that the capacity in SLI is reduced to such an extent that it actually does result in distortion of information flow. At the end of this paper we will also speculate why this might be the case.
Application of information theory to the processing of language
Although initially the application of information theory on communication focused on technical channels, more recent research has used information theoretical measures to explain online language processing. The first detailed work on information load effects on processing of language focused on inflected morphology and was done by Kostic on Serbian [24, 25] and later by others on English [26, 27] and Dutch [28] . Although these researchers were not looking at article production (our main focus) but were interested in verbal and nominal morphology, their results did show that entropy as measured by information theoretic tools is a reliable predictor of reaction time of word retrieval and, therefore, of the general processing complexity.
An important measure suggested by Kostic is the individual information load of an item. In addition to the frequency of a word, the number of functions a particular inflected word form can perform is taken into account in this measure. Serbian is a richly inflected language and each open class word has an inflectional suffix that specifies its grammatical properties. For nouns case, grammatical number and gender are specified. Some of these cases share the same inflectional suffix. For example, the nominative singular female form of the word grass is trav-a, as is the plural genitive female form. Each grammatical form appears with some probability in the language, as does each inflected form. Kostic investigated whether the probability distribution of these inflected nouns could explain variation in reaction time on a lexical decision task. All six inflected forms were presented in a lexical decision experiment. However, Kostic found that frequency of the inflected form alone did not predict the variation in latencies. He discovered that a second important factor determining latencies was the number of syntactic functions and meanings an inflected form could have. He found that while an increase in frequency parallels faster processing, an increase in the number of functions and meanings reduced processing, as the form could be seen as more complex. Kostic suggested that if we divide the frequency of an inflected form by the number of its functions and meaning, we get the average frequency per syntactic function/meaning for a given inflected form. The average frequency per syntactic function/meaning should be expressed relative to the sum of average proportions per function/meaning for other noun forms for a given gender. To calculate the number of bits carried by each grammatical form, the obtained proportion should undergo a log transform. Thus, if R e denotes the number of functions and meanings carried by element e and F the frequency of a form, then the weighted amount of information can be expressed as follows:
This measure is based on the item's frequency as well at the number of functions the word form can have and is described by equation (3) . Kostic found that in his lexical decision task processing time variability could almost completely be accounted for by using this measure of individual information load.
De Lange [29] used an information theoretical approach to explain article omission patterns in Dutch, Italian and German typically developing pre-schoolers. She found that the information load for individual articles played a role in the acquisition process of those articles. Articles with higher information loads were used later than those with low information load. In addition to looking at individual articles, she used a modified formula to calculate the entropy for the Dutch, German and Italian article sets. She found that the higher the entropy of these sets, the more articles the children omit and the later they acquire them. More specifically, she found that out of the three languages, the Dutch article set has the highest entropy value. Using longitudinal spontaneous speech data she also found that Dutch children omit articles until a later age than German and Italian children. She argues that young children have limited processing resources and that rather than there being a difference between the brain maturation of Dutch, German and Italian children, the level of complexity of the article systems in the respective language differ. A lower complexity of the article system means that less brain maturation is required to cope with the system. This leads to the finding that Italian children start producing articles at an earlier age than Dutch children.
Ferrer I Cancho and colleagues [30] [31] [32] [33] [34] have used several measures based on information theory to investigate a range of linguistic phenomenon. In [30] the authors use mutual information as a measure for the strength of correlation between two words. They argue that strong links between words are a priori harder to establish for high frequency words than lower frequency words. As we will argue below, for the children with SLI this mean that they do not have difficulties with articles and nouns per se, but with the strength of the link between them. As pointed out by an anonymous reviewer, the association between the article and the noun may be weaker than for example the association between noun and adjective (as the results showed in [19] ), simply because strong links are more difficult to establish with high frequency words.
Peperkamp et al. [35] combine statistical measures from information theory in combination with linguistic constraints to describe the acquisition of allophonic rules in French. One phoneme typically has varying phonetic specifications depending on the context in which the phoneme is produced. Children have to learn which allophones are present in a given language for a given phoneme. Peperkamp et al. developed a statistical learning algorithm based on the notion that different allophones of one phoneme generally occur in different contexts. They used Kullback-Leibler divergence to measure discrepancies in context probabilities for each pair of phonemes. When combined with linguistic filters their algorithm was able to detect allophonic distributions in French.
The above studies show that the human brain is sensitive to complexity of linguistic information and that information with high complexity requires more processing load. Furthermore, the models used in information theory are able to predict and explain variations in processing load by providing individual words or sets of words with a quantitative measure of complexity.
Coming back to the previously mentioned study, De Lange showed that omission patterns of articles in language of typically developing children can be explained as the result of limited processing resources, as shown by cross-linguistic variation. From the studies described above, we know that children with SLI show omission of articles up to a much later age than typically developing (TD) children. In the current paper we would like to propose that the article omission patterns, as well as the distribution patterns of produced articles, can be explained by a model based on information theory. In this model we combine the article selection model by Janssen and Caramazza [22] and the information theory of Shannon [23] . As article selection depends on the information the article set receives from the activated noun, we represent the linguistic noun-article dependency as Shannon's information channel.
Our main hypothesis is that children with SLI have a reduced processing capacity and that this leads to distortion in the channel that uses information from the noun to select the correct article. In order to test this hypothesis spontaneous speech samples for a group of Dutch SLI children were analysed. Omission and substitution rates for all articles were noted and the role of sentence position of the article, type of article, sentence type (finite versus infinitive) investigated. Finally, an analysis of the data using and information theoretic approach will be presented.
Results and Discussion

Method
Subjects
For the SLI group, 12 children were selected from the Bol and Kuiken [36] database. In this database children were tested on non-verbal IQ, which fell within normal range for all these children, as reported by Bol and Kuiken. Mean length of utterance measures the mean number of morphemes in an utterance and the verbal utterance score is a measure of how many utterances contain verbs. 
Materials and scoring
Speech samples consisted of spontaneous speech during a free-play session with either a researcher or a speech therapist. For each child at least 100 utterances were used in the analysis. Unintelligible utterances, direct repetitions of an adult utterance, idiomatic expressions, rhymes and songs were excluded from the analyses. For each file the number and type of article used by the child were marked. In addition, all article omissions were marked. All situations in which a noun was produced and in adult speech an article would have been required were counted as omission. Percentages of omission were calculated for each individual article as well as the overall omission rate. These calculations were then used to provide two types of measures:
The distribution of article use of the child (i.e., the relative distribution of de, het and een-the three articles of the Dutch language) and of the required article set were calculated. Note that these measures do not deal with absolute numbers of what is produced or should have been produced. Rather, they provide a measure of the distribution between the three articles. Furthermore, sentence position of the article was noted as well as finiteness of the sentence the article should have been produced in.
Results
Statistical analyses using Mann-Whitney shows that there is no significant difference between the omission rates of de and het, de and een or een and het. 
Article omission patterns for het
Het omissions were further scrutinised and the nouns divided into two groups: neuter nouns requiring het and diminutive nouns that always require het regardless of their base noun gender. In Dutch all diminutives take require het regardless of their stem. For example het boek (the book) becomes het boekje (the little book), but de poes (the cat) also becomes het poesje (the little cat). Mann-Whitney shows that het was omitted significantly more often for diminutive nouns than neuter nouns (see Figure 1 , z = -2.024, p < 0.05). We come back to why this may be important in language processing terms in the discussion.
Within the group of diminutive nouns there was no difference between the omission rates of nouns with a common base and those with a neuter base (Figure 2 ). DP represents nouns that are correctly produced with an article (determiner + noun), in NPs no article was produced. 
Sentence position
The effect of sentence position was also investigated as this has been suggested to play a role in typically developing speech ( [38] for German, [39] for Dutch). There was no difference in omission rates for subject or object position.
Information theoretic analysis
We used only those files where the omission rate was below 50% for information theoretic analyses as suggested by De Lange [29] . This meant that four files were excluded. First of all, the effect of information load (I) [24] of the individual articles was investigated. This measure takes into account the number of functions one article can have, as well as its frequency. Frequency measures were taken from the Corpus Gesproken Nederlands (CGN), a collection of approximately nine million spoken Dutch words. The information load I was calculated as described in Equation (3). It was then investigated if omission of a certain article can predict the overall omission rate, in other words, if omission rates are due to poor performance on one particular article. We already showed in Section 2.1 that information load of the individual items does not lead to a significant difference in number of omissions. However, it could be the case that omission rates of one particular article are responsible for changes of overall omission rate. In other words, it could be that children with reduced processing capacity have more difficulties producing the article with the highest individual information load. Even though this does not show when comparing average omission rates of the individual articles, it could be that omission of one of the articles explains differences in overall omission rates. Figure 3 however shows that this is not the case.
*
To investigate whether we can describe the data by representing the process of "noun-article" communication as Shannon's channel, we looked at the probability distribution of the articles. This distribution is calculated on the basis of the nouns produced by the child (with or without an article).
We do acknowledge that the validity of this approach is based on the assumption that the child has acquired the necessary feature specification if the nouns he/she produces. In other words, the assumption is that if a child produces what is in adult speech a singular masculine noun, then it is indeed a singular masculine noun in the child's system as well and that it is singular masculine feature that are to be transmitted to the article set. We believe this is a reasonable assumption given the age of the subjects, a relatively low percentage of substitution, and previous claims in the literature (see above).
We used a Kullback-Leibler divergence to measure the distance between the probability distribution of the article set the child should have produced (q) and that of the article set the child actually produced (p). Thus as measure of the "input message" for the channel we used the distribution of the required articles in a file. For each noun the required article was marked. This provides a distribution of the articles required in a sample and represents the information sent from the noun set to the article set for one child.
To investigate whether this "message" from the noun is accurately transmitted to the article selection system, we also calculated the probability distribution of the output. To this end, we used the probability distribution of the articles that the child actually produced. If the child produced all the required articles, the article distribution would be identical to the input.
We then applied a Kullback-Leibler divergence (2) for each pair of probability distributions (i.e., for each child). This provided us with an index of how similar the article distribution the child uses is to the article distribution the child should have used in that particular conversation, if the feature information from the noun were correctly "transmitted" to the articles set. Table 5 displays probability distributions, KL divergence and overall percentage of omission for each child. Our hypothesis is that the underlying reason for article omission is the underdeveloped capacity of the channel responsible for transmitting the information from the selected noun to article set. Input of the channel is represented by (q) and output by (p). The closer the probability distribution of the input is to the output, the better the channel does its job by correctly transmitting information from the noun to the article set. In other words, it provides an index of the channel's capacity to transmit information. If the hypothesis is correct, there should be a correlation between percentage of omission and the KL divergence, as both measures are determined by the same factor: channel capacity. Figure 4 shows his correlation. 
Discussion
This study investigated the omission and substitution patterns of articles in spontaneous speech samples for a group of 12 Dutch children with SLI. Our data show that by far the main type of error these children made was error of omission. Mean percentage of omission in our samples was 36 percent, whilst mean percentage of substitutions was only 2.4 percent. This finding is in line with most of the studies discussed in the introduction. Although Restrepo and Gutiérrez-Clellen [18] found substitution to be the most common error to be made by their Spanish cohort of SLI children, the vast majority of studies report omission as the most common error, both in spontaneous speech and experimental tasks. The substitution errors the children did make in our Dutch samples were all de for het substitutions. This is a common finding in typical language acquisition in Dutch. Van der Velde [41] for example found that in a production task comparing Dutch and French preschoolers, the Dutch children often substitute the common definite article de for the neuter definite article het. In contrast, a group of French preschoolers in that study did not show this pattern. Zonneveld [42] argues that Dutch children use de as an unmarked, default article for nouns of which they know the meaning but are unsure of the gender.
This line of reasoning, however, seems unlikely for this group of SLI children. If de were used as a default article we would expect much higher substitution rates. Furthermore, comparing omission rates of the three articles we find that none of them is significantly more often omitted than the others.
Before we can conclude that the omission patterns are not due to lack of grammatical knowledge, one further phenomenon in Dutch language acquisition should be mentioned, specifically the use of diminutives. In Dutch all diminutive nouns take het as their article, regardless of the gender of the base noun from which they are derived. Thus, the neuter base noun het boek (the book) becomes het boekje (the small book), but the common base noun de leeuw (the lion) also becomes het leeuwtje (the little lion). Scharlaekens [43] suggests that forming a diminutive is one of the earliest morphological skills in Dutch child language development. Furthermore, diminutive nouns are frequent in child directed speech. Zonneveld [42] further observed high accuracy rates in the production of het in young typically developing children when used with diminutive nouns. It could therefore be the case that the accuracy rates for het are skewed by a high usage of diminutives in our speech samples. In order to produce the correct article for a diminutive, the child does not need to use their knowledge of the gender of the noun. It could be that these children use a high number of diminutives and that they accurately produce the article for these. Neuter nouns could still have high omission rates, but this could be masked by high accuracy rates on diminutives. If this were the case, children's article production difficulties may still be the result of poor gender knowledge. In order to investigate this possibility, the data for nouns taking het were reanalysed and split into two groups: neuter nouns and diminutives. If gender provides a difficulty for these children we would expect higher accuracy rates on the diminutives than the neuter nouns. Error analysis of omission of het for our data reveal quite the opposite pattern (see figure 2 above). Children have more difficulties producing het when using a diminutive noun than when they use a normal neuter noun. Further inspection shows that they have equal difficulties with those nouns that are derived from common base nouns as those with neuter nouns. The children are not helped by the article of the base noun. They make equal number of errors with nouns such as "het leeuwtje" (the little lion) derived from "de leeuw" (the lion) as with nouns such as "het boekje" (the little book) derived from "het boek" (the book). It thus seems that, if anything, gender knowledge is present and is actually inhibiting selection of the correct article. The increased uncertainty of competing articles for the base noun and the diminutive form leads to decreased performance. This provides further support for our hypothesis that the difficulty in producing articles is related to the noun-article connection.
Interestingly, similar results have been found in adult language processing. Schiller and Caramazza [44] found longer naming latencies for Dutch adults for diminutive nouns with a common gender base, compared to those with a neuter gender base. They argue that this is due to activation of the common article that goes with the base noun, upon production of the diminutive noun. This leads to competition between the articles and therefore longer latencies. For diminutive nouns that have neuter base gender this competition does not occur, as the base noun will activate the same article as the diminutive form of that noun. The gender feature of the base noun thus seems to be activated in the article selection process. The error pattern of the Dutch SLI children is in line with these findings for adults. Dutch SLI children do have knowledge of the gender of the noun but, paradoxically, this knowledge can even lead to decreased performance. Competition between the articles leads to increased processing load and a failure in selecting any of the articles.
We also looked at the effect of sentence position on omission patterns. Contrary to some findings in the literature on typically developing children [38] for German and [39] for Dutch, we did not find a sentence position effect.
As lack of grammatical knowledge does not appear to be the cause of omission of article for these children, we then analysed the data using an information theoretic approach. As discussed in the introduction, recent studies have shown that processing time can be accurately described using information-theoretic measures. We first investigated the effect of the individual information load for each article using formula (1). This factor did not seem to determine patterns of omission in the children's output.
We then used the difference between input and output probability distribution of the articles to provide us with an index of the processing capacity of these children. Probability distributions were calculated for the articles that each child should have produced and for what the child actually produced. The first distribution represents the input of the channel: the information that is sent from the nouns to the article set. The second probability distribution represents the output of the channel. KL divergence was used to investigate the difference between these two probability distributions. We hypothesized that when the channel capacity is sufficient for these children, the output will have the same probability distribution as the input. The KL divergence was used as an index of the amount of distortion that occurs in the channel. In other words, the greater the divergence, the more different the output is from the input and the further the child's article distribution is removed from what it should be [45] .
KL divergence was then correlated with overall percentage of omission. The correlation between these two variables was over 0.8. This means that the more different the article distribution of the child's production was from what it should have been, the more articles were also omitted. Again, it is crucial to realise that the KL divergence measure does not take omissions into account. Rather it provides a measure of how similar the output of a channel is to the input. If the channel capacity is sufficient, output and input will be identical. The difference between output and input provides a measure of the level of distortion that has occurred within the channel. As we observed that the rate of omission correlated with the KL divergence value, and as this value is an index of channel capacity to correctly transmit information, it follows that the omissions in SLI speech can be characterised as a consequence of low channel capacity. This paper has provided more evidence for a processing account of SLI. Unlike previous accounts, we have tried to develop a quantitative measure for the reduced processing in children with SLI. Here we have focused on the production of articles and shown that a measure of channel capacity as described by information theoretical means can provide a model for the reduced processing capacity these children experience. Similar findings have been reported for a group of typically developing Dutch and Italian children [29] . De Lange looked at Dutch preschoolers with a very similar language level to the children with SLI reported on in this paper. Her results show that channel capacity increases with age and the number of omitted articles reduces. This is evidence for the view that children with SLI follow a similar developmental trajectory as typically developing children.
Although this paper has only looked at article production, we can also tentatively speculate that reduced processing may be involved in other aspects of language difficulties these children experience. Inflectional morphology has been shown to be difficult for these children [5, 6] , with some inflections being more difficult than others. Recent work on inflectional morphology in Dutch [28] has shown that different inflectional forms of verbs have different complexity in terms of information theoretical measures. These have been shown to influence speed of processing in healthy adults. Future research will provide more insight into whether these factors play a role in the difficulties of children with SLI in producing inflectional morphemes.
Speed of processing has also been shown to be reduced in children with SLI [46, 47] . Children with SLI are slower on a wide range of (language) tasks, and reducing the input rate of language stimuli can improve performance on comprehension tasks for these children [47] . As channel capacity is a measure of the amount of information the channel can process in one unit of time, it follows that in order to perform accurately one can either reduce the amount of information, or increase the amount of time to enhance performance. This is exactly what happens when the speed of input is reduced.
For typically developing children it has been shown that speed of processing increases with age [48] . Within our current model, this means that channel capacity increases with age. Montgomery [47] showed that a similar development occurs for children with SLI, i.e., they show a linear improvement in speed of processing with an increase in age. However, the children's speed of processing remains below that of their age matched-and (in the Montgomery study) language matched peers. In other words, their channel capacity is reduced in comparison to TD children.
If processing capacity is reduced, the obvious next question is whether this reduction is apparent only for language tasks, or whether it is a more general reduction in the processing of information. Despite the requirement of normal non-verbal intelligence for a child to be diagnosed as having SLI, there is a growing amount of research suggesting that the difficulties of children with SLI may not be completely 'language specific'. For example, children with SLI have shown difficulties with spatial processing [49] , hierarchical planning tasks [49, 50] and hypothesis testing [51, 52] . Johnston [53] provides an excellent overview of the literature on the cognitive abilities that have been investigated in SLI and shows that many non-verbal skills lag behind those of typically developing children. Some motor skills have also been shown to be problematic for this group of children (see [54] for an overview). In short, it seems that the reduced processing capacity these children experience may not be language specific. Instead a more general difficulty processing complex information could lead to a more diffuse profile of difficulties in various cognitive domains. Although we can not draw any conclusions on nonverbal skills from our findings, it is interesting to note that information theoretic measure have been applied to non-verbal cognitive processes in healthy adults and that entropy has been shown to be a measure of processing capacity. Rozenholtz [55] for example found that an increase in picture complexity as measured by entropy lead to an increase in reaction time in a visual search task for healthy adults. As entropy provided an accurate measure of processing capacity in our study on article production, it would be very interesting to find out whether the model could also be applied to non-verbal cognitive processing in this group of children.
Conclusions
In summary, article omissions in Dutch SLI children seem to be due to a reduced processing capacity, which makes it difficult for children to select the correct article. This can be captured by a model based on information theory that uses probability distributions to calculate channel capacity. We have shown that the level of distortion in the probability distribution from the nouns to the article set provides a measure of the reduction of channel capacity. The more deviant the output probability distribution from the input distribution, the higher the omission rates of articles in a spontaneous speech sample. Furthermore, similarity between older SLI children and younger typically developing (TD) children with regard to omission and distribution of articles suggests that SLI can be characterized, at least in part, as a disorder related to late maturation of the processing capacity which is necessary to realize the available knowledge.
Although the current manuscript only focuses on the production of articles, statistical measures based on information theory could provide promising models of reduced processing capacity in other aspects of language acquisition and more general cognitive problems in SLI.
